INTRODUCTION
The liver has a complex structure, allowing it to play a key role in operation and maintenance of several vital functions of the organism, including synthesis activity and excretion of substances. In the liver lobes, hepatocytes are arranged in an orderly fashion out from a central vein, forming the sinusoids, from which they are separated by a narrow space (the space of Disse). This space is the site of the hepatic stellate cells (HSCs), which are known to possess contractile and fibrogenic properties, as well as the ability to synthesize extracellular matrix (ECM) [1] [2] [3] . Obstruction of the biliary tract is a congestive process that leads to numerous changes, such as ductular proliferation, stellate cell activation, and accumulation of ECM in the space of Disse. Occurrence of these changes may lead to the development of liver fibrosis, which, in turn, can lead to secondary biliary cirrhosis [4] . Cirrhosis of the liver represents the most advanced stage of fibrosis, in which there is evident loss of structure of the hepatic parenchyma. It is directly associated with development of septa and fibrotic nodules, changes in hepatic blood flow, and high risk of liver failure [5] . Studies have shown that HSCs are directly involved in the process of fibrosis formation and that their activation is influenced by products generated from lipid peroxidation (LPO), formation of reactive oxygen species (ROS), and presence of inflammatory mediators such as tumor necrosis factor-alpha (TNF-α), inducible nitric oxide synthase (iNOS), interleukins, and nuclear factor-kappa B [4, 6] . As cirrhosis constitutes a major public health problem [7] , much research is being conducted to develop and test different substances that could be used in its treatment. The objective of such substances aims to improve quality of life, increase survival, slow disease progression, and, possibly, mitigate the damage caused by formation of ROS and free radicals (FRs) [8, 9] . Prolonged obstruction of the bile duct in rats is an experimental model for induction of secondary biliary cirrhosis [10] . In this model, the characteristic features of the disease are established at approximately 28 d [10] . Studies have demonstrated that the changes occurring in cirrhosis in human patients are similar to those found in experimental models, including jaundice, hepatomegaly, splenomegaly, abnormal gas exchange, and oxidative damage [11] [12] [13] [14] [15] . Melatonin (Mel; N-acetyl-5-methoxytryptamine) is the main product synthesized by the pineal gland, which produces Mel in a rhythmic manner, with production inhibited by light, so that its peak production occurs during the dark phase [16, 17] . Several effects have been attributed to Mel, including antioxidant capacity, as well as anti-inflammatory and immunomodulatory properties [18] [19] [20] [21] . There is an existing important link between cirrhosis, inflammation and oxidative stress; in this sense, treatments are required to protect the liver against these types of damage. Therefore, this present study investigated whether Mel (an anti-inflammatory agent and antioxidant) would afford hepatic-protection in an experimental model of cirrhosis.
MATERIALS AND METHODS

Animals
All animal procedures were conducted in accordance with the recommendations of the Health Research Ethics Committee of the Research and Graduate Studies Group at the Hospital de Clínicas de Porto Alegre (HCPA) in Brazil (approval number 14-0474), and as recommended in the Guide for the Care and Use of Laboratory Animals [22, 23] . The sample comprised male Wistar rats n = 32, weight ± 300 g) that were allocated across four groups: CO [sham bile duct ligation (BDL)], BDL (BDL surgery), CO + Mel (sham BDL and Mel administration) and BDL + Mel (BDL surgery and Mel administration). Cirrhosis was induced surgically by BDL as described by Kountouras et al [10] .
Animal care and use statement
During the experiment, the animals were kept in boxes lined with wood shavings, under a 12-h light/ dark cycle and controlled temperature conditions (18-22 ℃) , with free access to water and chow. As shown in Figure 1A , animals in the CO and CO + Mel groups only underwent localization and manipulation of the bile duct (sham surgery). Figure 1B and C show the procedures performed in the BDL and BDL + Mel groups respectively: after localization of the bile duct, it was isolated and tied off with two knots made with 3-0 silk thread. All animals were euthanized at 29 d after the start of the experiment [24] .
Administration of Mel
Treatment started on day 15 after BDL surgery. Mel was administered at a dose of 20 mg/kg body weight, always at 7:00 p.m., away from light.
Extraction of plasma
After the blood was collected through the retro-orbital plexus and placed in assay tubes with heparin, it was centrifuged at 4000 rpm for 10-min time. The precipitate was displaced and the plasma was removed with pipette (Labsystems 4500, 100-200 μL) for the different analyses of aspartate aminotransferase (AST), alanine aminotransferase (ALT) and alkaline phosphatase (AP) via commercial kit Labtest 
Liver homogenates
For the preparation of the homogenate we used 9 mL of phosphate buffered solution (1.15% KCl) per gram of tissue (liver) and phenylmethylsulfonyl fluoride at a concentration of 100 mmol/L in isopropanol (10 μL/mL of KCl). The tissue was homogenized in ULTRA-TURRAX for 40 s at 0-2 ℃ and subsequently centrifuged for 10 min at 3000 rpm in a refrigerated centrifuge. The precipitate was discarded and the supernatant removed and frozen at -80 ℃ for subsequent biochemical analyses [25] .
Liver enzyme activity
Activity of the liver enzymes AST and ALT, which are markers of hepatocyte integrity, were measured by the ultraviolet kinetic method. AP was measured by the colorimetric method. All tests were performed in plasma, under routine HCPA laboratory methods, using a Liquiform Labs ® test commercial kit.
Hepatosomatic index and splenosomatic index
The liver and spleen were resected and weighed for derivation of the hepatosomatic index (HSI) and splenosomatic index (SSI), which were calculated as the percentage of total organ (liver and spleen) weight divided by the body weight of the animal: HSI = liver weight (g)/rat weight (g) × 100; SSI = spleen weight (g)/rat weight (g) × 100 [26] .
LPO
Liver tissue samples were placed in test tubes containing a mixture of trichloroacetic acid (TCA) 10% and thiobarbituric acid (TBA) 0.67%, heated at 100 ℃ in a water bath for 15 min, and cooled on ice for approximately 5 min. TBA reacts with LPO products to form a Schiff base, whereas TCA is used to denature proteins present and acidify the reaction. After cooling the samples, 1.5 mL of n-butyl alcohol was added to extract the formed pigment. Samples were stirred for 45 s and centrifuged for 10 min at 3000 rpm. Finally, the stained product present in the top fraction was read in a spectrophotometer at a wavelength of 535 nm. The TBARS concentration obtained was expressed as nmol/mg protein [27] .
Activity of antioxidant enzymes and glutathione levels
Superoxide dismutase: The activity of superoxide dismutase (SOD) is defined by its ability to inhibit the reaction of superoxide radicals with adrenaline, and was monitored spectrophotometrically at 560 nm.
Results were expressed as USOD/mg protein [28] . 
Ethical consideration
The present study was accomplished in the HCPA with the approval of the project (No. 14-0474).
Animal care and use statement
All experimental design, collections of biological samples and analyses carried out were in accordance with ethical principles of the Committee Ethics on Animal Use (CEUA-HCPA).
Statistical analysis
Quantitative data are presented as mean ± SD error. The comparison between groups was performed by one-way analysis of variance followed by the StudentNewman-Keuls procedure. P < 0.05 was considered as statistically significant.
RESULTS
Liver enzyme activity
Evaluation of liver enzyme activity performed in plasma showed a significant increase in all enzymes in the BDL group compared with the control groups, as well as a significant reduction of these values in the BDL + Mel group compared to the BDL group. AST levels increased 379% in the BDL group compared to the CO group, and were 72% reduced in the BDL + Mel group compared to the BDL group. ALT, a specific marker of liver damage, was 186% increased in the BDL group in relation to the CO group and 60% lower in the BDL + Mel group compared to the BDL group. AP levels were 211% higher in the BDL group compared to the CO group and 72% lower in the BDL + Mel group compared to the BDL group (P < 0.001) ( Table 1) .
Catalase:
The activity of Catalase (CAT) was determined by measuring the decrease in absorption in action medium containing 50 mmol/L phosphate buffered saline (pH 7.2) and 0.3 mol/L hydrogen peroxide. The enzyme activity was assayed spectrophotometrically at 240 nm and expressed as pmol/mg protein [29] .
Glutathione peroxidase: The activity of the antioxidant enzyme glutathione peroxidase (GPx) was assessed by the NADPH oxidation rate in the presence of reduced glutathione (GSH) and glutathione reductase. Sodium azide was added to inhibit CAT activity. The enzyme activity was measured spectrophotometrically at 340 nm and expressed as nmol/min/mg protein [30] .
Glutathione S-transferase:
The glutathione S-transferase (GST) activity assay is based on an enzyme reaction which at 30 ℃ catalyzes the formation of 1 μmol DNP-SG using a GSH concentration of 1 mmol/L and chloro dinitrobenzene (CDNB). The enzyme activity was measured spectrophotometrically at 340 nm and expressed as μmol/min/mg protein [31] .
GSH reduced: To prepare the homogenate for measuring levels of GSH reduced, for every 1 g of tissue, 20 mL of perchloric acid (2 mmol/L) + EDTA (4 mmol/L) was diluted in 1 mL H2O. The levels GSH were evaluated spectrophotometrically at 412 nm by quantifying intracellular levels of GSH from modification of 2-nitrobenzoic acid and expressed as μmol/mg protein [32] .
Histological analysis
After anatomical dissection of the liver of each animal, approximately 2 cm were removed for histological evaluation. The tissues were isolated and immersed in 10% buffered formalin for 24 h for fixation, followed by histological processing (dehydration in a graded alcohol series of six concentrations, clearing in xylol at two concentrations, and embedding in paraffin at 64 ℃). The resulting paraffin blocks were attached to a microtome (Leitz ® 1512) and slices of 3 μm thickness were obtained. These specimens were placed in a histological bath at 50 ℃. For the staining step, the slides were immersed in vats containing hematoxylineosin (HE) and Picrosirius red (5 min in each stain). After the hydration stage, the sample was covered with a coverslip and fixed with Canada Balsam or the blade, finalizing the preparation process. The slides were examined by a pathologist who was blinded to group allocation and were photographed under a NIKON LABOPHOT binocular microscope at 200 × magnification.
Immunohistochemistry (iNOS and TNF-α )
For immunohistochemistry, liver tissue samples were fixed in 10% formalin and placed in a histological tissue
HSI and SSI
Analysis of HSI and SSI showed significant increases in the BDL group compared to control animals (CO and CO + Mel), as well as a significant decrease in the BDL + Mel group compared to the cirrhotic group (BDL) (Figure 2A and B) .
Lipoperoxidation and GSH levels
The evaluation of LPO and GSH levels was performed on homogenized liver.
The LPO analysis revealed a significant increase in LPO markers in the BDL group compared to the CO and CO + Mel groups, and administration of Mel to BDL + Mel animals was associated with a significant decrease in damage in this group. GSH levels were increased in the BDL group compared to the control groups (CO and CO + Mel), and reduced in BDL + Mel compared to BDL ( Figure 3A and B).
Antioxidant enzyme activity
Evaluation of SOD, CAT, GPx and GST activity revealed reductions in SOD and CAT in BDL animals compared to controls (CO and CO + Mel), as well as functional recovery of these enzymes in the BDL + Mel group compared to the BDL group. Activity of GPx and GST were increased in the BDL group compared to both control groups (CO and CO + Mel), and decreased in the BDL + Mel group compared with BDL ( Table 2 ).
Histological analysis
HE staining: In the control groups (CO and CO + Mel), histological analysis by HE staining revealed normal liver parenchyma with clearly defined hepatocyte cords. In the BDL group, there was tissue disorganization with loss of hepatocyte cords and inflammatory infiltration. In the cirrhotic group treated with Mel (BDL + Mel), restructuring of these patterns was observed, with formation of hepatocyte cords arising from a centrilobular vein (Figure 4 ).
Picrosirius staining: Assessment of liver fibrosis in
Picrosirius-stained sections revealed absence of fibrotic septa in the control groups (CO and CO + Mel). In animals subjected to BDL, there was positive labeling consistent with presence of fibrotic septa. However, in the BDL + Mel group, fibrosis was minimal ( Figure 5 ).
Immunohistochemistry and quantification of iNOS and TNF-α
Liver specimens from the BDL group exhibited strong positive staining for iNOS ( Figure 6 ) and TNF-α ( Figure  7 ), whereas specimens from the CO and CO + Mel groups did not stain. Treatment with Mel reduced iNOS and TNF-α positivity. Likewise, iNOS and TNF-α expression was significantly reduced in BDL + Mel compared to the BDL group (P < 0.001; Figures 6 and  7) .
DISCUSSION
The BDL model is widely used to reproduce secondary biliary cirrhosis in animals, as it induces changes that closely resemble those seen in cirrhosis in humans and in experimental cirrhosis induced by carbon tetrachloride (CCl4) [4, 10, 12] . Liver integrity can be evaluated by measuring levels of the enzymes AST, ALT, and AP. Increases in these markers suggest liver dysfunction [32] . In the present study, animals subjected to BDL exhibited higher levels of AST, ALT, and AP than animals in all other groups. Our findings also demonstrated that administration of Mel to animals with cirrhosis induced by BDL reduced the liver damage caused by duct ligation. These results corroborate the findings of a previous study conducted by Bona et al [4] , using the CCl4 model of cirrhosis, in which animals exhibited a significant increase in AST, ALT and AP levels and All values are expressed as mean ± SD error. 1 Significant difference exists between the BDL and control groups (CO and CO + Mel) (SOD, P < 0.01; CAT, P < 0.05; GPx and GST, P < 0.001); 2 Significant difference exists between the BDL and BDL + Mel groups (SOD and CAT, P < 0.01; GPx and GST, P < 0.001). CO: Control; CO + Mel: Control + melatonin; BDL: Bile duct ligation; BDL + Mel: Bile duct ligation + melatonin. SOD: Superoxide dismutase; CAT: Catalase; GPx: Glutathione peroxidase; GST: Glutathione S-transferase.
equally significant reductions of these markers after treatment with the antioxidant quercetin. Shu et al [9] demonstrated that administration of tanshinone IIA, the active ingredient of Salvia miltiorrhiza, reduced ALT and AST levels in an experimental model of cirrhosis in rats.
The terms hepatomegaly and splenomegaly refer, respectively, to enlargement of the liver and spleen. Hepatomegaly is often associated with hepatobiliary diseases. Splenomegaly, in turn, is associated with numerous chronic diseases of the liver [33, 34, 35] . In our study, both the HSI and SSI were significantly increased in the BDL group compared with both control groups, and both indices decreased to near control levels when administered Mel in the BDL + Mel group.
The splenomegaly observed in the BDL model is due to portal hypertension as a result of enlargement of the splenic veins. Hepatomegaly, in turn, is secondary to biliary retention and subsequent obstruction of biliary drainage, which ultimately leads to liver fibrosis [13, 14, 36] . Using a model of liver damage induced by administration of polychlorinated biphenyls, Oliveira et al [33] found that splenomegaly was minimal in exposed animals given the antioxidant quercetin. LPO causes disorganization of cell membranes, resulting in an increase in membrane permeability and consequent extravasation of enzymes, leading to cell death [37] . Studies have demonstrated that MDA levels may be associated with increased LPO [5] . Studies report that, in the pathophysiology of biliary cirrhosis, liver damage is maximized by the action of FRs [12] . This phenomenon was also observed in the present study by measuring LPO, which was significantly higher in the cirrhotic group (BDL) when compared to the other groups and, accordingly, may have been associated with a process of cell membrane damage. Furthermore, the BDL + Mel group exhibited a significant decrease in LPO as compared with the BDL group, which suggests a protective role of Mel against LPO induced by BDL. These data corroborate a previous study by Bona et al [4] (2012), in which LPO was found to be increased in a model of CCl4-induced cirrhosis, and quercetin treatment appeared to decrease LPO significantly.
CAT catalyzes the breakdown of H2O2 into water and O2. SOD is regarded as the first line of defense against ROS formation, and decreases in its activity could be related to increased LPO and heightened consumption of the enzyme in an attempt to decrease oxidative damage from ROS dismutation and H2O2 formation [38] .
In the present study, activity of the antioxidant enzymes SOD and CAT was significantly decreased in the BDL group compared to all others, and Mel administration was able to restore activity of these enzymes to near-control levels. These data suggest that treatment with Mel attenuated FR formation secondary to liver damage resulting from BDL-induced cirrhosis. These data corroborate the findings of Bona et al [4] (2012), a study in which rats with CCl4-induced cirrhosis exhibited an increase in antioxidant enzymes after treatment with quercetin. Levels of the other enzymes evaluated (GPx and GST), as well as of GSH, were increased in the BDL group compared to the other groups, and decreased significantly to near-control values in the BDL + Mel group. The increases observed in cirrhotic animals may be associated with enzyme activation in an attempt to clear FRs and minimize oxidative damage from the disease, while the reduction in these levels in the group administered Mel suggests decreased FR formation [39] . These data corroborate the findings of Amália et al [38] , who observed that, in a model of CCl4-induced cirrhosis, GPx, GST and GSH levels were increased, and treatment with quercetin appeared to decrease these values.
Changes in the hepatic parenchyma, as well as formation of fibrotic septa and necrosis, are often associated with the cirrhotic process [4] . In our study, we observed loss of tissue organization in the BDL group when assessed by HE staining, demonstrating cellular disorganization with loss of hepatocyte cords and presence of inflammatory infiltrate. In the BDL + Mel group, a restructuring effect was observed, with tissue organization resembling that seen in the CO and CO + Mel groups.
Ferrari et al [40] demonstrated that rats with cirrhosis, whether induced by BDL or by CCl4, exhibit necrosis, fibrotic nodules, inflammatory infiltrate and cellular changes. Tieppo et al [14] also observed that rats subjected to BDL exhibit hepatic changes with ductular proliferation and fibrosis, findings that improved in cirrhotic rats treated with quercetin. Fibrosis is the end result of long-term liver injury. Evaluation of fibrotic area in Picrosirius-stained slides revealed increased collagen deposition in the BDL group, in contrast to the BDL + Mel animals, in which collagen deposition was minimal. These data corroborate various studies which observed increased collagen deposition in the liver of rats with cirrhosis induced by CCl4 and BDL [4, 14] . Saleh et al [41] administered the natural marine compound Sepia officinalis, known for its major antioxidant, antibacterial and antitumor effects, and observed a reduction in collagen deposition in animals subjected to bile duct ligation. Increased production of TNF-α and iNOS is related to acute and chronic inflammatory processes. In the present study, we found higher TNF-α and iNOS expression in animals subjected to BDL, as well as decreased expression of these parameters in animals administered Mel. These findings corroborate those of Gonçalves Schemitt et al [42] , who observed lower expression of TNF-α and iNOS in animals treated with glutamine in an experimental model of fulminant hepatic failure.
In view of the evidence presented herein, we suggest that the antioxidant and anti-inflammatory effects of Mel acted to restore serum levels of liver enzymes and the HSI and SSI, decrease LPO, restore antioxidant enzymes, and attenuate collagen deposition, inflammation and tissue damage in the livers of animals subjected to BDL. However, other pathways of Mel action should be studied to elucidate the protective mechanisms involved in this experimental model. the Federal University of Rio Grande do Sul (UFRGS) and the Lutheran University of Brazil (ULBRA) for their support.
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